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Abstract 
Many stakeholders today consider power tower systems to be the most promising CSP technology for the future. Therefore much 
effort is spent to improve individual components and subsystems. While these are valuable steps towards cost reduction, it is also 
of great importance to perform an overall, i.e. 'holistic', system layout and optimization process. Still, even today heliostats are 
often characterized and even compared using the single parameter 'cost per square meter', which is not sufficient. More factors 
like optical and tracking accuracy, shape, structural deformation under operation loads and maybe even power consumption have 
to be factored in to allow for a meaningful comparison. 
In the paper recent activities targeting at a more holistic power tower system optimization are described. For the overall layout 
process of heliostat field, tower and receiver the complete system is modeled using SAM or an in-house tool based on SolTrace 
and Matlab to determine investment cost, annual electricity generation and resulting levelised electricity costs. By doing so, 
different heliostat types and field layouts can be directly compared using LCoE as a reasonable figure of merit. 
This logical approach to identify the optimum heliostat design is described and illustrated using two generic heliostat designs and 
the respective field layouts as an example; a recently developed updated tower cost curve is used. It is found that using specific 
heliostat costs (i.e. $/m²) alone as a figure of merit to assess different heliostat designs can be misleading, because heliostats 
characterized by lower specific investment costs, but also lower optical and tracking accuracy, can lead to higher levelised 
electricity costs, which means the real objective of power plant optimization is not reached by looking at heliostat costs per 
square meter alone. 
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1. Introduction 
Today power tower systems are often considered to be the most promising Concentrating Solar Power (CSP) 
technology for the future. Therefore much effort is spent to improve individual components and subsystems. While 
these are valuable steps towards cost reduction, it is also of great importance to perform an overall, i.e. 'holistic', 
system layout and optimization process. 
To give an example: For a given thermal power requirement, there is no such thing as an optimum tower height. 
Only when heliostat optical and tracking quality and costs are known, and when tower and receiver costs as a 
function of size are well understood, can the optimum combination of heliostat field size and tower height plus 
receiver size be identified. This is obvious and has been considered even for the first power tower design and 
optimization codes like Delsol [1]. Still, even today heliostats are often characterized and even compared using the 
main parameter 'cost per square meter' [2]. This was correct if the heliostats to be compared were otherwise 
identical. Unfortunately, this is never the case in reality. Therefore this approach is not satisfactory.  
In practice, apart from cost per square meter, more factors like optical and tracking accuracy [3], shape, structural 
deformation under operation loads and maybe even power consumption have to be factored in to allow for a 
meaningful comparison. 
In the paper recent activities targeting at a more holistic power tower system optimization are described [4]. For 
the overall layout process of heliostat field, tower and receiver the complete system is modeled using System 
Advisor Model (SAM) [5] or an in-house tool based on SolTrace [6] and Matlab [7] to determine investment cost, 
annual electricity generation and resulting levelised electricity costs. By doing so, different heliostat types and field 
layouts can be directly compared using LCoE as a reasonable figure of merit. 
2. Methodology 
The overall target is to minimize Levelised Costs of Electricity (LCoE). To calculate this figure of merit, SAM is 
used, plus additional tools, whenever this is beneficial. The general procedure is as follows: 
x Design of a basic heliostat variant plus sub variants (minor design adaptations like wall thickness of structural 
members etc.)  
x Set-up of a Finite Element Model (FEM) for the complete heliostat (structure, drives, mirrors) to calculate 
structural deformations and tracking accuracy. The model is used to check if the design is structurally sound 
(max. stress and deformation)  
x A site with the related weather data like solar radiation and wind data, temperature and humidity is selected. 
x Definition of power plant (capacity, design day and insolation, storage, solar multiple etc.) 
x Using a sophisticated FEM model, the total concentrator optical error is calculated from the mirror surface 
normal vectors and nodal displacements based on a selected set of load cases (taking into consideration dead 
load, statistical distribution of wind data and solar insolation for a given site) 
x Heliostat variants and sub-variants are sorted depending on their costs (costs are in proportion to steel mass for 
sub-variants that differ only regarding thickness of main structural members) and optical and tracking quality. 
Variants characterized by higher costs at lower optical quality are removed from the list. 
x The cost model is fed with steel mass from the FEM structural model, specific cost data from our cost data base 
and specific quotes, and cost data from component suppliers (e.g. for mirrors, drives and bearings). Costing 
includes transport cost and costs for assembly and erection. 
x From this data a set of SAM input parameters is generated.  
x For tower cost, a curve recently developed is used (Fig. 1). 
x SAM is used for preliminary heliostat field layout and optimum tower height determination. Proprietary SAM 
User Language Scripts help to overcome SAM limitations during the heliostat field layout process and tower 
height selections. For more detailed investigations an in-house tool called 'SHAMS' is used. It combines Matlab 
and SolTrace for shading and blocking calculations and the optimization of heliostat positions (under 
development). 
x A simulation is performed to calculate annual power generation and to determine LCoE. 
Such calculations are performed for all investigated heliostat design variants and their respective sub-variants. 
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3. Example 
The methodology described above is now illustrated using an example. SAM is used for the calculations, 
including the weather data provided with it. 
3.1. Definition of reference case 
First the reference case is defined. It defines site, plant size, specific costs and technical parameters like power 
block efficiency and, last but not least, heliostat characteristics. 
3.1.1. Site and plant size 
Daggett is used as the location for this example. Meteorological data as provided with the SAM code is used. 
Annual sum of Direct Normal Insolation (DNI) is 2791 kWh/m²/year. A 100 MW molten salt plant with 8 full load 
hours of storage is assumed. The heliostat fields of plants employing different heliostats are selected in such a way 
that annual power generation is practically the same. 
3.1.2. Tower cost function 
Cost functions for the central towers of power towers are available from literature. Here a more recent curve is 
used. It was determined by designing, dimensioning and costing three towers. Design and cost data are based on our 
sister company's 30 year+ experience in the structural engineering of special structures including towers [8]. 
Fig. 1 shows the cost curve used in red. For comparison, the cost curve used by DELSOL3 and SAM is also 
depicted, and some TV towers. After adjusting the data from Battleson [9] to 2010 dollars using the Chemical 
Engineering Plant Cost Index (CEI) index [10], there is good agreement between his curve and the one used here. In 
stark contrast to that, the cost curve used in SAM results in significantly higher values. Identifying the reasons for 
this deviation is beyond the scope of the study at hand. 
 
Fig. 1. Tower Cost (red) vs. Tower Height  
3.1.3. Reference heliostat designs 
In these exemplary calculations, two heliostat types are compared (Fig. 2 and Table 1): Both heliostats and the 
respective values used are based on real heliostats respectively heliostat developments. Nevertheless, they are used 
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here just to illustrate an example. The example calculations and their results are not meant to proof if one concept is 
generally superior to the other. Instead, they are used to illustrate the assessment procedure, the real topic of this 
paper. 
 Heliostat I is a circular metal membrane heliostat with a turntable azimuth drive (Fig. 2, left), heliostat II is a 
conventional, medium-sized rectangular glass-metal heliostat with azimuth-elevation tracking (Fig. 2, right). Key 
data are listed in Table 1. Two prototypes of such metal membrane heliostats have been built and tested in the 
1990ies [3], [11], heliostat II has been designed, costed and evaluated more recently; it has not been built yet. 
  
Fig. 2. Heliostat Type I (left); Heliostat Type II (right) 
For both heliostats, sub-variants based on the basic variant are defined and assessed (Fig. 3). The main 
differences between basic variant and sub-variant are the dimensions (mostly cross sections) of selected structural 
members. By doing so, structural stiffness and hence also optical quality is varied. Main results of the assessment 
are optical quality and steel mass, which directly influences cost.  
 
 
Fig. 3. Basic variant of heliostat design and sub-variants derived from it. 
For each sub-variant the complete assessment including costing, solar field layout and plant simulation is 
performed. Here, to make it short, only the sub-variants that eventually turned out to be the most cost-effective are 
described (Table 1) and assessed. 
3.2. Heliostat optical quality σtotal 
The total optical error σtotal as used by SAM is a combination of beam error and tracking error. It is defined as 
2 2 2(2 )total beam trackingV V V     (1) 
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Table 1. Heliostat beam error constituents and how they are determined here. 
Error category Data Source  
Specularity Reflector/mirror supplier 
Waviness Reflector/mirror supplier 
Assembly error Estimated based on experience with similar solar concentrators 
Reflector (cold bending) error Finite Element Model 
Node (surface normal) error Finite Element Model 
Temperature Finite Element Model 
Tracking Drive supplier, mechanical model of drive system  
 
Tracking error is calculated from mechanical play of hinges, bearings, accuracy of the angular encoders 
employed and the tracking algorithm. The beam error includes shape error, waviness and specularity [12], where the 
latter two usually are properties of the mirror facets that cannot be influenced by heliostat design: 
2 2 2 2(2 ) (2 )beam shape waviness specularityV V V V    (2) 
The shape error summarizes contour bending error, deformations due to loads (dead weight, wind, temperature) 
and assembly errors. The contour bending error is the deviation from the ideal shape due cold bending of mirror 
facets into the desired shape. Such cold bending by fixing the mirror to a relatively small number of support points 
at the heliostat structure results in a non-perfect shape. The number and position of these points is subject of an 
optimization process itself, which is beyond the scope of this paper. 
2 2 2 2
shape node reflector temperature assemblyV V V V V     (3) 
Fig. 4 shows an example for the result of one of the underlying FEM calculations. The approximate location of 
the points where the mirror facets are attached to the metal support structure can be identified from the normal 
deviations (Fig. 4 left). 
 
  
Fig. 4. Result of FEM calculation for heliostat II. Left: Deviations of the surface normals from their ideal orientation for a load case combining 
dead weight and wind during operation. Right: Nodal displacement vectors (i.e. structural deformations) for the same load case. 
Many such calculations are performed to obtain weighted and averaged results that are representative for the 
heliostat and for the load cases and respective heliostat errors to be expected during operation at the site where the 
power plant shall be constructed. 
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3.3. Heliostat costs  
The costing exercise includes a calculation of the following costs: Foundation, structure, drives, mirrors and 
assembly. Respective values for the two heliostats discussed here are shown in Fig. 5. It shall be noted that the costs 
for the stainless steel membranes that form a major part of the heliostat I concentrator have been attributed to 'mirror 
costs' here. Therefore mirror costs of heliostat I are roughly five times as high as the respective value for heliostat II. 
  
Fig. 5. Specific costs (in dollars per square meter) of the two heliostats investigated. 
3.4. Summary of heliostat input values 
According to Table 2, heliostat II can be characterized by specific costs of $139/m² – this is lower by about 25 % 
compared to heliostat I – but also by significantly lower optical quality of 3.4 mrad as compared to heliostat I 
($185/m² and 2.08 mrad).  
Table 2. Characteristics of Assessed Heliostats. 
 Heliostat I Heliostat II 
Shape Round Rectangular 
Concentrator Width / Diameter 14 m 6.75 m 
Concentrator Height / Diameter 14 m 6.42 m 
Overall Optical Quality (shape & tracking) 2.08 mrad 3.40 mrad 
Total Specific Heliostat Cost $185 / m² $139 / m² 
Ratio of Reflective Area to Profile 1 0.97 
3.5. Other input values 
In order to make the calculations presented here transparent, the other major input values required to perform 
SAM calculations are listed in Table 3. For the financial analysis, parameters have been selected to reflect the 
simplified IEA method, i.e. no tax credits or other incentives have been considered, Weighted Average Capital Cost 
(WACC) are 8 %. 
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Table 3. Additional input data for SAM calculations. 
Variable Value Variable Value 
Location Daggett, CA Receiver cost SAM defaults 
Gross electric power 100 MW Power Block & BoP cost $1100 / kW 
Thermal Storage 8h Thermal storage cost $23 / kWh 
Rated Cycle Efficiency 41.2% Tower Cost See cost curve 
Design HTF inlet temperature 550 °C O&M cost SAM defaults 
Cooling Air-Cooled Required IRR 8 % 
Solar Multiple 1.9 Analysis Period 25 years 
EPC and Owner cost 5 % of direct cost Annual Insurance Rate 1 % 
 
Whenever SAM cannot be used or is considered to be inappropriate, alternative software must be used. One 
option is the proprietary tool called 'SHAMS' that combines pre- and post-processing using Matlab [7] with NREL's 
SolTrace [6] code. If the heliostat field is not flat, e.g., SAM cannot be used. Figure 6 shows such a case. Still, for 
the sake of simplicity, in the example presented here a flat heliostat field is assumed and SAM is used. 
  
Fig. 6. Example for the usage of SHAMS. Here a non-flat heliostat field has to be assessed. Left: Heliostat Field, Right: Flux density distribution 
on the receiver. 
4. Results 
Figure 7 shows the resulting power tower total investment costs. According to the figure, heliostat field 
investment costs of the plant using heliostat type I are $178.4 million, as compared to $152.3 million for a field 
using heliostat type II. Note that the cost difference is about 15 %, significantly less than the 25 % difference if just 
looking at the cost per square meter. The disadvantage of higher investment cost (remember: at higher optical 
quality) is notably reduced because total reflective area required is less by about 11 % due to higher optical quality, 
and average heliostat field efficiency is higher. 
The picture completely changes when looking at LCoE (Table 4), the real figure of merit to be minimized: LCoE 
calculated for power tower I is lower by almost 11 % as compared to power tower II, despite the more costly 
heliostats (in terms of cost per square meter). As a result of the higher annual power generation (due to lower 
spillage, lower receiver losses etc.), LCoE are lower for the heliostat that looks less economic at first glance. 
It can be seen that despite the higher specific costs of heliostat II in terms of dollars per square meter its lower 
total optical errors more than compensate the higher costs. Consequently, the power tower system employing a 
heliostat field using type I heliostats is characterized by lower levelised electricity costs. This can be explained by 
the lower number of total reflective area required. A smaller heliostat field required does not only reduce investment 
costs; such a smaller heliostat field is also more efficient, as cosine losses and atmospheric attenuation are smaller 
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for heliostats closer to the tower. As a minor positive effect it should also be remarked that operation and 
maintenance (O&M) costs are generally lower for a smaller heliostat field, as the mirror area that must be kept clean 
is smaller. 
The example clearly shows that specific costs alone are not a meaningful figure of merit, as long as all the other 
parameters like optical and tracking quality, but also geometry, are not identical. Instead, all these parameters 
together must be taken into consideration to find the most costs effective heliostat design for a given project. 
 
 
Fig. 7. Comparison of power tower system investment cost 
Table 4. Solar Field and Plant Data. 
 Power Tower I 
i.e. with heliostat I 
Power Tower II 
i.e. with heliostat II 
No. of heliostats required 6277 25'198 
Receiver diameter [m] 18.4 17.8 
Receiver height [m] 14.8 17.8 
Tower height [m] 177 180 
Receiver surface area [m²] 856 995 
Total reflective area [m²] 966'269 1'092'421 
Net Annual Energy [GWh] 451 389 
LCoE real [¢/kWh] 10.92 12.23 
 
5. Conclusions 
For the design of cost-effective power towers 'heliostat cost per square meter' are not a suitable figure of merit. 
Instead, a design and optimization process must also take other key factors into consideration, mainly heliostat 
optical quality and heliostat geometry. The principle of such an optimization procedure has been outlined and 
illustrated using an example. In the example it was shown that lower 'heliostat cost per square meter' may even lead 
to higher electricity costs, if heliostat optical quality is also significantly lower. 
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